A superconducting current transformer of up to 40 kA of nominal DC current was commissioned using Nb 3 Sn Rutherford cable samples. The existing infrastructure of the Superconducting Strand and Cable R&D lab at Fermilab, including a 14T/16T solenoid of 77 mm bore, a 2000 A power supply for the primary coil, and a fast data acquisition system, was used for housing and operating the device. Test results showed that the transformer was mechanically limited to currents of 13 kA. The cable test facility was commissioned again and reached 25 kA after completing design upgrades to the sample holder and to the mechanical structure. Test results are analyzed and presented for a number of cables, as well as calculations of the self-field distribution.
INTRODUCTION
Cable tests are highly desirable in superconducting magnet R&D as more representative of magnet performance than strand tests since the former account for the effect of impregnation and strand-to-strand interactions. Presently, the largest known facilities are FRESCA at CERN, for Rutherford-type cables to be tested at a maximum background field of 10 T, and SULTAN, which is equipped with an 11 T split solenoid where ITER cables are tested in a hairpin configuration inside a 140 mm x 90 mm well. Because of the large power supplies needed, and the Lorentz forces developed on the cables (in case of Rutherford cables, about 5 tons/ 10 cm, and more for ITER cables which are larger), these facilities have a large footprint and a multimillion dollar cost. A wellknown technique to reduce size and cost is that of the superconducting transformer, where a lower current in a primary winding induces much larger currents in a secondary circuit that includes the cable sample to be tested [1, 2] . A superconducting transformer, whose design is described in [3] , was commissioned up to 13 kA in sample current. This current was sufficient to test LARP-type cables about 10 mm wide [4] between 12 T and 15 T (see also FIGURE 1) . Cables were tested both non-impregnated and impregnated with CTD epoxy, producing the same current results. Such test reproducibility indicated a welldesigned and practically sound cable sample geometry. However, to be able to test the wider cables that have been developed in the last couple of years both in LARP and in other Nb 3 Sn magnet programs [5] , both the sample holder and the mechanical structure were upgraded. This was done to account for separation forces on the cable sample. The upgraded facility was then commissioned, allowing the current in the sample to reach 25 kA, and therefore to test Nb 3 Sn cables about 15 mm wide between 11 T and 15 T. It is to be noted that the relative direction of magnetic field and sample current in the geometrical configuration chosen in the design is representative of that found in an accelerator magnet in the pole regions, where the magnetic field is highest.
EXPECTED OPERATIONAL RANGE
To determine the maximum current achievable in the secondary, the load line of the NbTi secondary was produced by computing the maximum field on the NbTi cable as a function of the secondary current, including both external and self-induced field. The NbTi cable critical surface was obtained by measuring a number of extracted strands. Using this procedure, the secondary is expected to reach 40 kA. For Nb 3 Sn Rutherford cables for instance 10 mm and 14 mm wide carrying a J c (12 T) of 3000 A/mm 2 , 40 kA can provide critical current test results above 5.8 T (see FIGURE 1) and 9.7 T respectively. 
EXPERIMENTAL SETUP
A detailed description of the transformer, which was designed to fit in a 14T/16T solenoid with 77 mm bore, can be found in [3] . For convenience, FIGURES 2 and 3 are reported from [3]. FIGURE 2 (left) shows the assembly relative to the solenoid in its cryostat. A NbTi secondary cable, which surrounds tightly the NbTi primary coil at the top, is spliced to the Rutherford cable sample to be tested, which has a spiral configuration, at the top of a grooved sample holder (see also FIGURE 2, right). FIGURE 2 (center) is a 3D drawing of the original mechanical structure, which included an outer tube with rings for contact with the inner solenoid wall (also shown in FIGURE 4), a stainless steel (SS) box for load transfer, and the Cu current leads. FIGURE 2 (right) is an exploded view of the bottom part of such setup. A bi-filar configuration as in FIGURE 3 (left) was chosen for the cable sample to make use of the fact that the Lorentz force per unit length produced by the external magnetic field is in principle equal and opposite on the two cables. The loads that were considered included the upper loads and torque on the coupled primary and secondary due to the vertical field components of the outer solenoid and to any mutual interactions between the two coils, the loads on the secondary splices due to the horizontal field components of the outer solenoid, the transverse loads and torques due to Lorentz interactions between bi-filar sample and outer solenoid, and the axial loads and torques, including Lorentz interactions between outer solenoid and bi-filar sample, any magnetization of the sample holder material, and weight. Finite element modeling (FEM) was used for most calculations. Whenever possible, results were compared to analytical models. All loads were conservatively calculated by using jointly a maximum operational outer field of 14 T and a maximum operational sample current of 40 kA. The 3D FEM that was used to model the bi-filar cable sample in the 14 T outer solenoid produced the following resulting loads on the sample: F x =1426 N, T x =3.61·10 5 N·mm, F y =-852 N, T y =3.07·10 5 N·mm, F z =2500 N, T z =3000 N·mm, where the z axis is in the vertical direction. FIGURE 3 (right) shows the resulting transverse force of 1650 N on the sample. An equal and opposite force acts on the magnet. For the overall load of the system to be zero, the sample holder was put in contact with the magnet by using contact rings on the outer tube, as shown in FIGURE 4 . The tube serves also to contain the sample and prevent cable separation in all those cases where in the test procedure the secondary current direction produces repulsive forces between the cables in the bi-filar sample. An additional radial positive force acts on the cable package, which is pushed away from the sample holder. Such force increases with the sample current and does not depend on the external magnetic field (See FIGURE 5 ).
INSTRUMENTATION
The secondary winding was equipped with two heaters to quench the current in the secondary before each primary new excitation step, and with a Rogowski coil to measure the secondary current (see FIGURE 6, right) . For the heaters, 8 mils Formvar coated MANGANIN wire with 4.3855 Ohm/m was used. Two double-layers heaters with 105 Ω each were wound. For the Rogowski coil, 37 gauge (6 mils) Formvar coated Cu wire was used. TABLE 1 shows the number of turns per layer for each of the four forms. FIGURE 6 (left) shows one of the Rogowski forms being wound.
The integrated Rogowski signal and the primary current from the analogical output of the power supply were acquired with a NI DAQ card at 25 kHz rate for accurate readings. 7 shows the cable quench current obtained as a function of magnetic field for a Nb 3 Sn cable sample ~ 10 mm wide tested without epoxy impregnation and for a sample from the same cable that was tested with CTD epoxy impregnation. Closed markers indicate the presence of a V-I transition curve during the test, whereas open markers denote abrupt quenches without any smooth voltage transition. Self-field corrections were applied in this plot. The excellent reproducibility of the results indicated a well-designed and practically sound cable sample geometry, which showed that cable samples did not need to be impregnated to perform as expected. However, the current was limited at about 13 kA in both the case of impregnated and non-impregnated sample. As shown in FIGURE 7, this current was sufficient to test these LARP-type cables about 10 mm wide [4] between 12 T and 15 T. . Cable quench current obtained as a function of magnetic field for a Nb 3 Sn cable sample ~ 10 mm wide tested without epoxy impregnation and for a sample from the same cable that was tested with CTD epoxy impregnation. Self-field corrections were used in this plot.
DESIGN UPGRADES AND RESULTS
To be able to test the wider cables that have been developed in the last couple of years both in LARP and in other Nb 3 Sn magnet programs [5] , both the sample holder and the mechanical structure were upgraded. This was done to account for separation forces on the cable sample. The SS tube was replaced with two half tubes of Al 6061 with 62 mm ID, as shown in FIGURE 8, top. Aluminum was chosen to take advantage of the differential thermal contraction between the Al tube and the SS sample holder. For the tube to produce a compressive force on the sample, the groove depth in the SS sample holder was reduced to ensure that the insulated bi-filar cable sample jutted out of the sample holder's outer surface by an adequate amount (see FIGURE 8, bottom). In addition, the two half tubes were equipped with holes for 22 Inconel 718 bolts of 2.5M size to apply a preload on the sample. A 43 m interference was assumed between tube and cable, which produced a calculated total load on the bolts of 10 kN. Another upgrade was that of implementing a G10 stopper on the sample on top of the spiral where the cable transitions into the center of the holder and into the straight part used for splicing the sample to the the NbTi secondary cable (see FIGURE 8, bottom). The NbTi cable stability was also reinforced by using solder along the secondary U-shape. For an accurate calculation of the sample self-field, a 3D model of the bi-filar spiral sample was made with COMSOL, as shown in FIGURE 9. This model showed that the maximum axial field is produced on the external surface of the innermost cable of the bifilar sample, at the center of its width. In FIGURE 9, right, such self-field is plotted for a current of 1 kA in the sample along a line on the inner cable face. The calculation was performed for different gaps between the two insulated cables. For insulated cables 15.1 mm wide and 1.3 mm thick, whose distance in the bi-filar configuration was 0.25 mm, a self-field correction factor of 0.078 T/kA was obtained and used.
The upgraded facility was then commissioned by testing a Nb 3 Sn cable 15.1 mm wide which had been heat treated for 50 h at 665C together with witness samples of strand extracted from the same cable. For this test 22 Inconel bolts were used to preload the half tubes. The quench current results as function of field are shown in FIGURE 10 as "1 st Cable test", and compared with the results from the witness strand sample. The correlation between the two is very good. The cable sample was then warmed up and the preload was increased by using a tube equipped with 40 Inconel bolts. The results of this second test are shown in FIGURE 10 as "2 nd Cable test". With the larger preload, V-I transitions were obtained down to ~13 T instead of 14 T. Also, whereas in the case of the smaller preload the quench current started decreasing below 11 T, with the larger preload the quench current kept increasing at decreasing fields. In FIGURE 10, the above results are compared with those obtained from the coil strand witnesses, which had been heat treated for 48 h at 640C producing critical current ~20% smaller, as expected. For this first wide cable that was tested, a maximum current of ~22 kA was obtained, but in a second cable (not shown) the sample reached 25 kA without quenching. This current should allow to test Nb 3 Sn cables~ 15 mm wide between 11 T and 15 T. 
